Abstract. We have studied the temporal relationship between the appearance of polyoma-specific "tumor antigen" and polyoma-induced activation of the cellular DNA-synthesizing apparatus in "contact-inhibited" mouse-kidney tissueculture cells. The experimental results are compatible with the hypothesis that virus-induced replication of the mouse cell chromosomes, which accompanies the actual production of progeny virus, is triggered by the tumor antigen. On the basis of the experimental evidence at present available we propose a tentative scheme of the lytic cycle of polyoma virus, that is of the events which lead to and accompany the production of polyoma progeny virus.
In contact-inhibited mouse kidney (MK) tissue culture cells the lytic cycle of polyoma (Py) virus proceeds in two distinct phases (Fig. 1) . In earlier studies If Py-induced synthesis of viral and cellular DNA is inhibited with 5-fluorodeoxyuridine, little if any capsid proteinla c or chromosomal protein 2 iS synthesized; however, the events of phase 1 which lead to the appearance of T-antigen4a b,5 l2 and to the subsequent activation of the cellujar DNAsynthesizing apparatusla-c 12 take place just as they do in the absence of the inhibitor.
we focused our attention on phase 2, i.e., on Py-induced activation of the cellular DNA-synthesizing apparatus,la-d followed by the replication of the host cell chromosomes2 and the actual production of progeny virus. 1ac,3 The results obtained from these studies suggested that curcial events in the interaction of Py virus with the genome of the host cell would take place during the apparently silent phase 1. la-c
In this paper we present a preliminary analysis of phase 1, with special emphasis on the temporal relationship between the appearance of polyoma-specific tumor antigen (T-antigen) 4a ,b and Py-induced activation of the cellular DNA-synthesizing apparatus.
Material and Methods. MK cultures were prepared from 10-day-old mice6 and infected with wild type Py virus (about 109 plaque-forming units per ml) as in the earlier studies.la-c In all experiments reported here, Py virus was allowed to adsorb to the cells at 370 C for 2 hr. Then the cultures were covered with Eagle's medium (no serum added) l ' that had been warmed to 37 or 270C. In all experiments performed at 270C the medium was replaced with fresh medium around 72 hr after infection. In temperature-shift experiments, the medium was removed and the cultures were covered with fresh medium warmed to the desired temperature (37 or 270C). In all experiments, uninfected control cultures were mock-infected and thereafter treated in the same way as Py-infected cultures. The materials and methods used for autoradiography, Feulgen microspectrophotometry, immunofluorescence tests for the detection of Py capsid protein, and extraction and assay of thymidine kinase (EC 2.7.1.21) and "DNA polymerase" (DNA nucleotidyltransferase(s), EC 2.7.7.7) have been described.la-c As substrate in the assay for thymidine kinase, we used 3 nmol of [2-14C] Results. The asynchronous time course of infection with polyoma virus: A. Time course at 37°C (Fig. 2) : The properties of confluent M\1K cultures and the time course of infection at 37°C have been described previously.la-c Py-induced (cellular and viral) DNA synthesis started in a small number of cells (<1%7O) around 12 hr after infection and reached a maximum 25-30 hr after infection, when 60-80%o of the cells were synthesizing DNA. We have confined most of the enzymatic studies to thymidine kinase and DNA polymerase, since these are representative of the other enzymes of the cellular DNA-synthesizing apparatus.la-d As in the studies reported earlier, the specific enzymatic activities in cell-free extracts increased in parallel with the number of DNA-synthesizing cells and reached a value 25-30 hr after infection which was maintained thereafter. Newly synthesized (intranuclear) Py capsid protein could be detected by immunofluorescence [2] [3] [4] (Fig. 3a) . Py-induced (cellular and viral) DNA (Fig. 3a) Evidence that polyoma-specific T-antigen appears prior to the activation of the cellular DNA-synthesizing apparatus: The experiments reported here are based on the indirect immunofluorescence technique,4 ,b 5,8 using hamster antisera directed against polyoma-specific T-antigen. Since-in individual nuclei the intensity of the immunofluorescence varied markedly and depended, at least to some extent, on viral input multiplicityl"b (gene dosage effect?) we scored the intensity as weak, medium, or strong.
A. Appearance of T-antigen at 370C (Fig. 2) : By 12 hr after infection, 1% or less of the nuclei in Py-infected cultures kept at 37CC exhibited a weakly positive reaction. Thereafter the relative number of positive nuclei rapidly increased, reaching a value of 80-100% between 16 and 20 hr after infection. Under all experimental conditions tested (either at 37 or 270C) patches of cells became positive at about the same time and at all times thereafter, exhibited about the same intensity of the immunofluorescence reaction. It should be pointed out that the asynchronous appearance of T-antigen was similar to the subsequent asynchronous onset of Py-induced DNA synthesis determined by autoradiography. In most nuclei the intensity of the immunofluorescence reaction increased until 20-24 hr after infection. Thereafter, with the appearance of intranuclear Pycapsid protein, the immunofluorescence reaction for T-antigen became progressively weaker in an increasing number of nuclei. From the experimental results we estimate that the lag between the appearance of T-antigen, detectable by immunofluorescence, and the onset of Py-induced DNA synthesis, determined by autoradiography, varied from about 2 hr to more than 8 hr.
B. Appearance of T-antigen at 270C (Figs. 2 and 3 ): By 36 hr after infection, 50-60% of the nuclei in Py-infected cultures kept at 27CC gave a generally rather weak immunofluorescence reaction for T-antigen. Thereafter, both the number of positive nuclei and the intensity of the reaction slowly increased. At 50-60 hr after infection most nuclei were positive: they gave an immunofluorescence reaction that was considerably stronger than at any time during the infection at 370C. The time course of the appearance of T-antigen was similar whether the cultures were infected 1 or 3 days after confluence.11a The lag between the appearance of T-antigen and Py-induced DNA synthesis was markedly longer at 270C than at 37°C, and varied from a minimum of about 15-20 hr to more than 3 days.
Mediation of polyoma-induced activation of the cellular DNA-synthesizing apparatus by a time-and temperature-dependent ("psychrosensitive") event(s):
In several experiments Py-infected and mock-infected MK cultures were first incubated at 270C and then, at various times between 24 and 72 hr after infection transferred to 370C for a 1-hr incubation. The results show that when the transfer took place prior to the onset of Py-induced DNA synthesis (i.e., earlier than 50 or 60 hr after infection at 270C) the number of DNA-synthesizing cells and the specific activities of thymidine kinase and DNA polymerase were no higher than in mock-infected control cultures that had also been transferred for PROC. N. A. S.
as a function of time at 370C while in mock-infected cultures that were also transferred to 37CC the increase was negligible. ha On the other hand, if Pyinfected MK cultures were incubated at 270C until shortly after the onset of Py-induced DNA synthesis, transfer to 370C for 1 hr increased the number of DNA-synthesizing cells by a factor of 1.5-2.
"Early period" of phase 1 of the lytic cycle: We define as "early period" the time interval, in individual cells, between the adsorption of Py virus (zero time) and the appearance of T-antigen, detectable by immunofluorescence. Operationally, we considered the end of the early period as the time at which T-antigen could first be detected in Py-infected MK cultures. Since a temperature shift from 37 to 27CC led to an increase of the early period from 12 hr to approximately 30 hr (Fig. 2) , the early period apparently comprises biochemical reactions with a temperature coefficient Q1o of 2-3. In several experiments we incubated Py-infected cultures during the early period (0-12 hr) at 370C and shifted them thereafter to 270C. Under these conditions the enlargement of the nucleoli and Py-induced DNA synthesis already began 25-30 hr after infection, but the kinetics of the slow increase in the number of DNA-synthesizing cells was similar to that observed 30-40 hr later in Py-infected parallel cultures kept at 270C throughout the experiment. ha These results suggest that the psychrosensitive event(s) begins only after the early period.
Discussion. On the basis of the experimental evidence at present available we propose a tentative scheme for the lytic cycle of Py virus, shown in Figure 1 . This scheme was found to be a useful, guideline for designing experiments not only with Py virus but also with the related virus SV40.12
A few hours after the adsorption of Py virus but prior to the appearance of T-antigen trace amounts of "early early" Py-specific RNA could be detected.3', 3 We assume, as a working hypothesis, that this early early Py RNA is the first transcription product of the intranuclear parental Py DNA and that it may be involved in a process leading to the attachment ("integration"?) of Py DNA to the chromosomal DNA during the early period of phase 1. According to this scheme, "early" Py-specific RNS(s) coding for T-antigen would then be transcribed from "integrated" Py DNA. '12 The results reported in this paper show that the appearance of polyomaspecific T-antigen, as detected by immunofluorescence, regularly preceded Pyinduced activation of the cellular DNA-synthesizing apparatus and, furthermore, that its asynchronous appearance was similar to the subsequent asynchronous onset of Py-induced DNA synthesis. Incidentally, neither the kinetics of the appearance of T-antigen4a ,b 512 nor that of the subsequent activation of the cellular DNA-synthesizing apparatusla"," was affected if virus-induced DNA synthesis was blocked with inhibitors such as 5-fluorodeoxyuridine or cytosine arabinoside. The experimental results described above, considered with those reported elsewhere,'2 are compatible with the hypothesis that T-antigen, upon reaching a critical concentration, triggers a psychrosensitive (coldsensitive) event(s) which leads to the activation of the cellular DNA-synthesizing apparatus and, as a consequence, to the replication of the host cell chromosomes. However, they do not allow us to rule out that virus-induced chromo-some replication may be triggered or mediated by an as yet unknown viral function not directly connected with the appearance of T-antigen. Operationally, we assume that T-antigen is a protein coded for by the viral genome. Since this assumption is based entirely on indirect evidence,4a ,b 5 the possibility has to be considered that immunologically reactive T-antigen is a composite of a protein(s) and a non-protein moiety'4 and, furthermore, that either one might be specified by the host cell. Newer observations suggest that the appearance of T-antigen and the activation of the cellular DNA-synthesizing apparatus are necessary but insufficient conditions" for the onset of viral DNA synthesis, which apparently requires a specific host cell factor(s).12 15 Since the early events of the infection which lead to the appearance of T-antigen and to the subsequent virus-induced chromosome replication can take place in the absence of this factor, an abortive infection results. The biological effects of this abortive infection and its relevance to virus-induced cell "transformation" will be described and discussed in subsequent publications. '2 
